The presence of endogenous opioid peptides in different testicular cell types has been extensively characterized and provides evidence for the participation of the opioid system in the regulation of testicular function. However, the exact role of the opioid system during the spermatogenesis has remained controversial since the presence of the mu-, delta-and kappa-opioid receptors in spermatogenic cells was yet to be demonstrated. Through a combination of quantitative real-time PCR, immunofluorescence, immunohistochemistry and flow cytometry approaches, we report for the first time the presence of active mu-, deltaand kappa-opioid receptors in mouse male germ cells. They show an exposition timedependent response to opioid agonist, hence suggesting their active involvement in spermatogenesis. Our results contribute to understanding the role of the opioid receptors in the spermatogenesis and could help to develop new strategies to employ the opioid system as a biochemical tool for the diagnosis and treatment of male infertility.
Introduction
Over 80 million people worldwide experience infertility and over one-third of infertility cases are due to male factors. Male infertility often reflects faults in spermatogenesis but little is known about the underlying causes, mostly because mechanisms and pathways involved in spermatogenesis remain unknown.
The most well-known physiological effect associated with endogenous opioid peptides (EOPs) is their efficacy in pain reduction or analgesia, although their effect on a variety of other physiological functions has become apparent in recent years [1] . In particular, evidence of the widespread presence of EOPs and receptors in different organs and tissues of the male reproductive system indicates that EOPs likely participate in the regulation of male reproductive function [2] . EOPs are involved in cell communication and exert their action through Gprotein-coupled opioid receptors. There are three principal types of opioid receptors: the mu-opioid (MOR), delta-opioid (DOR) and kappa-opioid (KOR) receptors [3] . Later, the orphanin 1 (ORL1) receptor (also known as the nociceptin receptor) was discovered and found to have high homology with opioid receptors [4] .Our group described the presence of MOR, DOR and KOR and the other components of the opioid system in human sperm cells which seem to be functionally involved in control of human sperm motility [5] [6] [7] [8] [9] . However, the presence of MOR, DOR and KOR in male germ cells and their roles during spermatogenesis remain unknown.
Spermatogenesis is a highly coordinated developmental process characterized by mitotic, meiotic and haploid differentiation phases. Spermatogenesis is initiated in the basal compartment of the seminiferous epithelium by spermatogonial stem cells that proliferate and differentiate into type A1 spermatogonia. Type A1 spermatogonia undergo a series of synchronized mitotic divisions, giving rise to type B spermatogonia, which enter the meiotic phase of spermatogenesis as primary spermatocytes [10] . Meiosis is characterized by two consecutive cell divisions, following a single DNA duplication, and by genetic exchange (crossing-over) between homologous chromosomes, which results in four round haploid spermatids [11] . EOPs are present in different cells of the male gonads and likely intervene in the mechanisms that regulate spermatogenesis. Opioid protein precursors are expressed differentially in somatic and germ cells of the testes, indicating that EOPs may regulate testicular function locally by de novo synthesis [2] . Moreover, Leydig cells also synthesize EOPs in the mouse and these opioid peptides may be involved in control of spermatogenesis by inhibiting the function of Sertoli cells in a paracrine. Specifically, EPOs inhibit the production of Androgen Binding Protein (ABP) stimulated by FSH in Sertoli cells [12] . ABP is responsible for testosterone transport into the lumen of the seminiferous tubule regulating intratubular testosterone levels [13] . Fabbri et al. [14] reported the presence of the three types of opioid receptors-MOR, DOR and KOR-in the rat testis using binding studies. However, subsequent higher resolution localization studies found that these receptors were exclusively expressed by Sertoli cells manner. Only ORL1 have been described in spermatogenic cells [15] . The presence of these receptors in mature spermatozoa [5] suggests that opioid receptors may be expressed at some point during spermatogenesis since mature spermatozoa are transcriptionally and translationally inactive cells. Because the effect of opioid receptors on spermatogenic cells remains unknown, the aim of this study was to characterize the expression and distribution of the three types of opioid receptors in male germ cells and analyze their role during spermatogenesis.
Materials and Methods
Isolation of stage-specific segments of seminiferous epithelium and mouse testicular cells Experiments were conducted in compliance with the Spanish legislation for the use of animals for experimental purposes and approved by Ethics Committee for Animal Experimentation (CEEA) of the University of the Basque Country.
Two-month-old Swiss male mice (n = 120) were euthanized through cervical dislocation. The obtained testes were decapsulated in phosphate buffer saline (PBS) to obtain the seminiferous tubules. We used the transillumination-assisted microdissection technique to obtain the stage-specific segments of seminiferous tubules [16] . We used different stages of the seminiferous epithelium dissected out under transillumination to analyze the gene expression of opioid receptors in male germ cells and isolated total testicular cells for immunofluorescence analysis, functional experiments, and FACS analyses. To isolate total cells, testis were decapsulated and dissociated in 2 mg mL -1 of collagenase for 15 min, followed by 0.25% trypsin/1 mM EDTA digestion for 10 min at 37°C in KREBS medium supplemented with 10% foetal bovine serum (FBS). Finally, the cells were filtered with nylon of 41-μm pore size nylon (Millipore, Germany)
Cell culture and and Opioid receptor agonist treatments expression by geNorm software. According to the calculated geNorm M value (M) Actb was the most stable reference gene in our system. Moreover, Actb was used as a housekeeping gene in testicular cells [17] .
Immunofluorescence
For the immunofluorescence staining, isolated testicular cells were fixed with 4% paraformaldehyde in PBS and permeabilized with Triton X-100 0.5% in PBS. Cells were blocked in 10% fetal bovine serum (FBS) and then primary antibodies were added ( Table 2) . Negative controls were performed with the rabbit immunoglobulin fraction, omitting the primary antibody before secondary antibody, andnuclei were stained with Hoechst 33342 at 0.5 μg mL -1
.Slides were assembled with Fluoromount G (Molecular Probes) and samples were examined by confocal microscopy (Olympus Fluoview FV500). To elucidate the levels of opioid receptors present in different spermatogenic cells, we have quantified the "Corrected total cell fluorescence" (CTCF) per area measured by ImageJ software. We measured the green fluorescence of at least 100 cells. 
Immunohistochemistry
Swiss male mice were anaesthetized with 3-aminobenzoic acid ethyl ester (MS-222), perfused with Bouin's solution. Testes were removed and immersed in the same fixative for 12 h. The samples were embedded in paraffin and 5 μm-thick sections were obtained. Briefly, antigen retrieval was carried out in citrate buffer (10 mM, pH = 6) for 30 minutes at 98°C in microwave oven. Endogenous peroxidase activity was blocked by incubating the slides in 3% hydrogen peroxide in PBS for 30 min. Samples were permeabilized with Triton X-100 0.1% in PBS (TBS) for 10 min. Cells were blocked in 10% normal goat serum and bovine serum albumin (1mg/ml) for 30 min and the primary antibodies, Rabbit anti-Mu Opioid Receptor (1:100, Millipore), Rabbit anti-Delta Opioid Receptor (1:100, Millipore) and Rabbit anti-Kappa Opioid Receptor antibodies (1:200, Millipore), were applied overnight at 4°C in the same blocking medium. A subsequent reaction was performed with biotinylated secondary antibody. Complex of avidinbiotin peroxidase was formed for 1h and positive cells were visualized using 3,3-diaminobenzidine tetrahydrochloride plus (DAB+) as a chromogen. Counterstaining was performed with hematoxylin. Negative controls were performed omitting the primary antibody before 
Cell cycle analysis by flow cytometry
Isolated testicular cells were fixed in 70% ethanol at 4°C for 1 h and resuspended and incubated in staining solution (PBS with 0.2 mg mL -1 RNase A and 0.02 mg mL -1 propidium iodide) at 4°C for 1 h. We used lymphocytes as a control to identify the 2c DNA-containing cell population because these cells are non-mitotic cells. Fluorescence data from 100,000 events were collected in the FL2 sensor (GalliosTM, Becton Dickinson, San Jose, CA, USA). To quantify the effects of different treatments on haploid cells we measured the integrated area of the peaks corresponding to 1c DNA-containing cells. Histograms were analyzed using Summit v4.3 software. All experiments were repeated six times using biological replicates from six different animals, with three technical replicates from each isolation experiment.
Statistics
Statistical analysis was performed using Student's t-test and analysis of variance (ANOVA) followed by a post hoc analysis using the Bonferroni test. These procedures were carried out with GraphPad PRISM (version 5.0) program. Differences were considered significant for p< 0.05.
Results and Discussion
Numerous studies have demonstrated the presence of EOPs in different testicular cell types [12] [13] [14] [15] [18] [19] [20] , providing evidence that the opioid system is important in the regulation of testicular function. Binding studies have shown that the three types of opioid receptors-MOR, DOR and KOR-are exclusively expressed by Sertoli cells [14] . The present study demonstrates for the first time that active MOR, DOR and KOR are present in male germ cells and may regulate the coordination and orchestration of cellular proliferation and differentiation events that take place at several points along the spermatogenesis.
Expression and localization of opioid receptors in male germ cells
The expression of opioid receptors is developmentally regulated during spermatogenesis and is consistent with spermatogenesis being characterized by highly specialized mechanisms of gene expression that operate at transcriptional and post-transcriptional levels [18] [19] . To clarify the presence of opioid receptors in germ cells, we first examined the gene expression of receptors in different stages of the seminiferous epithelium using qRT-PCR in Swiss adult mouse testis.
qRT-PCR analysis showed that Mor, Dor and Kor were expressed at different stages (Fig 1) with a similar expression pattern as detected at the 12-stage sperm development in mouse [21] . At stages II-VI, expression of the three receptors steeply dropped compared respected to XII-I (P < 0.01). During stages VII-VIII, however, the respective expressions of Mor (3.5-fold), Dor (3-fold) and Kor (11-fold) (P < 0.01) increased compared to stages II-VI.
In agreement with previous data [14] , testicular cells expressed the opioid receptors. However, different stages of the seminiferous epithelium contained distinct groups of spermatogonia, spermatocytes and spermatids at various points of development. To determine which male germ cell receptors were expressed, we examined their expression and localization by double immunofluorescence using specific germ cell markers. We used integrin alpha-6 (ITGA6), synaptonemal complex proteins SYCP1 and SYCP3, and acrosin (ACR) as cell markers of spermatogonia [22] , spermatocytes [23] and spermatids [24] , respectively. The double indirect immunofluorescence revealed that all male germ cells expressed the three opioid receptors (Fig 2) . There was strong staining for the receptors in peripheral regions of all cells, confirming their membrane localization. The three opioid receptors were present in spermatogonia-we observed MOR- (Fig 2A) , DOR- (Fig 2B) and KOR- (Fig 2C) positive cells that co-expressed ITGA6 in the peripheral regions (ITGA6 is a membrane protein) [22] . Cell morphology also confirmed the nature of the cell. Moreover, spermatocytes also expressed opioid receptors. There was strong immunostaining of MOR, DOR and KOR in SYCP1-and SYCP3-positive cells that correspond to spermatocytes (Fig 2A, 2B and 2C) . Immunoreactivity of SYCP1 and SYCP3 was detected in the nucleus of cells [25] . Spermatids also expressed opioid receptors. Moreover, the presence of MOR, DOR and KOR in haploid cells was confirmed by ACR. In round spermatids, ACR-positive cells were co-stained with MOR (Fig 2A) , DOR ( Fig 2B) and KOR (Fig 2C) . ACR was localized in the cytoplasm of round spermatids as we expected [24] . We also detected a strong immunostaining of opioid receptors in mouse spermatozoa (S1 Fig). According to CTCF/microm 2 measurements, MOR expression did not change during spermatogenesis ( Fig 2D) . We did not observe any differences in the MOR fluorescence intensity between ITGA6, SYCP1, SYPC3 and ACR positive cells. DOR fluorescence intensity, however, increased in ACR positive (p<0.05) cells compared to ITGA6, SYCP1 and SYCP3-positive cells respected. There was also an increase in KOR fluorescence intensity in SYCP1, SYCP3 and ACR positive cells compared to ITGA6-positive cells (p<0.05).
To verify the presence of opioid receptors in spermatogenic cells we carried out immunohistochemistry analysis to identify cells in their histological context (Fig 3) . Immunoreactivity of the three opioid receptors had been detected widely expressed inside seminiferous tubules confirming the presence of these receptors in male germ cells where these cells are placed. Specifically, we observed a stronger immunoreactivity of DOR over the acrosome region in spermatids and sperm cells (Fig 2B, Fig 3 and S1 Fig). We have also observed a strong immunoreactivity of MOR in Sertoli cells (Fig 3) as has been described before [14] .
Thus, immunofluorescence and immunohistochemistry analyses indicated the presence of MOR, DOR and KOR in different cell types at different spermatogenic cells. These findings suggest a central role of the opioid system in regulation of spermatogenesis. Spermatogenesis is a series of processes, involving the proliferation of spermatogonia, the meiosis and the differentiation of developing germ cells (spermatids) into sperm. To investigate whether the opioid receptors were related to spermatogenesis, we analyzed the effect of opioid receptor agonists on the spermatogenic cell cycle and on expression of sperm germ-cell markers for different time exposures. Because spermatogenesis is controlled by paracrine and autocrine processes that take place between different cells types present in the testicles, we decided to culture all the testicular cells. We have demonstrated for the first time that MOR, DOR and KOR were present in mice male germ cells and can be involved in the spermatogenesis regulation.
A proliferative effect of opioid receptors was previously reported [1, 3] . Indeed, it has been suggested that opioid receptors can stimulate some proliferative pathways such as neurogenesis or adrenal regeneration [26] [27] [28] [29] [30] and inhibit the growth of immature adrenals or macrophage proliferation in the peripheral nervous system [28, 29] . Thus, we described for the first time the role of opioid receptors in sperm cell differentiation. Our data suggest that opioid receptors were functionally active, with the response being time-exposure dependent.
The effect of MOR-agonist morphine on spermatogenesis
To determine the role of opioid receptors in mouse spermatogenesis we studied the changes in the spermatogenic cycle by flow cytometry. Flow cytometry analysis showed that acute morphine treatment caused a decrease in the 1c DNA-contained cells population and an increase in the 2c DNA-contained cells population (Fig 4A, S2 Fig) . However, chronic morphine treatment increased haploid population (Fig 4B) . We observed an increase in the 1c DNA-contained cells in treated samples than in control ones together with a down-regulation of 2c and 4c DNA-contained cell population (Fig 4B, S2 Fig) . Due to the presence of somatic cells, we measured only the percentage of haploid cells to evaluate the direct effect of opioid receptors on spermatogenesis since changes in the number of 2c and 4c cells could be influenced. Measuring the integrated area corresponding to peaks of haploid cells showed that the percentage of 1c DNA-containing cells decreased by 5% in treated samples (P < 0.05) compared to controls (Fig 4C) . However, chronic morphine treatment increased the haploid cell population by approximately 5% (P < 0.05) (Fig 4C) .
To determine whether MOR was involved in different phases of spermatogenesis, we analyzed the expression of Itga6, the synaptonemal complex proteins Sycp1 and Sycp3, and Acr by qRT-PCR. The relative expression of Itga6 increased (P < 0.05) after 1 h of morphine treatment ( Fig 4D) ; however, Sycp3 mRNA levels decreased (P < 0.05) with acute morphine treatment and there was no effect on Sycp1 levels. Finally, we also observed a decrease in Acr expression (P < 0.05), the spermatid cell marker, consistent with acute morphine treatment causing a decrease in haploid cells. To understand the increase in haploid cells induced by morphine for long-term exposure; we also analyzed the expression of spermatogenic cell markers after 24 h of incubation. The chronic opioid treatment led to an increase not only in Acr mRNA levels (P < 0.05), but also in Sycp1 (P < 0.05) and Sycp3 (P < 0.01) levels (Fig 4E) -confirming the increase in percentage of haploid cells measured by flow cytometry, Long-term exposure to morphine did not affect Itga6 expression.
The effect of DOR-agonist DPDPE on spermatogenesis
To determine the role of DOR in mouse spermatogenesis, we studied the changes induced by DOR-agonist DPDPE in the spermatogenic cycle using flow cytometry for short-(1 h) and long-term exposure (24 h). DPDPE did not cause any effect on the 1c nor 2c DNA-containing cell population after 1 h of treatment and led to a significant increase in 4c DNA-containing cell population (Fig 5A, S3 Fig) . For long-term exposure, however, the haploid as well as the diploid cell population increased after treatment while DPDPE caused a decrease in the 4c DNA-containing cell population. (Fig 5B, S3 Fig). To evaluate the direct effect of DOR on spermatogenesis we measured the integrated area corresponding to peaks of haploid cells (Fig 5C,  S3 Fig) . We have measured an approximately 5% increase in haploid cells with long-term exposure (P < 0.05), suggesting that DOR receptor was also active in the spermatogenic cycle.
To determine whether DOR was involved in different phases of spermatogenesis, we analyzed changes on the expression of cell markers after DPDP treatment. Our results showed that DOR was mainly involved in the meiosis phase. The relative expression of Sycp1 and Sycp3 (P < 0.05) decreased after 1 h of DPDPE treatment (Fig 5D) while, in regard of spermatogonia marker Itga6 and haploid cell marker Acr, we did not observed differences in the mRNA levels for short-term exposure (Fig 5A and 5C ). On the other hand, there was an increase in the expression of Sycp1 (P < 0.05), Sycp3 (P < 0.01) and Acr mRNA levels (P< 0.05) after 24 h of DPDPE incubation (Fig 5E) . These data confirmed the increase in the haploid cell population induced by DPDPE for long-term exposure suggesting that DOR had an effect on spermatogenesis for long-term exposure.
The effect of KOR-agonist U50488 on spermatogenesis
To determine the role of KOR in mouse spermatogenesis, we carried out the same experimental design using U50488 as KOR the agonist for short-(1 h) and long-term exposure (24 h). For short-term exposure, there were no differences in the 1c, 2c nor 4c DNA-containing cell populations (Fig 6A, S4 Fig) . However, U50488 caused a down-regulation of haploid cells together with an up regulation of the 2c-and 4c-DNA-containing cell populations for long-term exposure (Fig 6B, S4 Fig) . Measuring the integrated area corresponding to peaks of haploid cells showed an approximately 5% decrease in haploid cell numbers after long-term exposure ( Fig 6C, S4 Fig; P < 0.05) suggesting that KOR was also active in spermatogenic cells similar to the other receptors. Expression of cell markers showed that KOR was also involved in the meiosis phase. Analysis by qRT-PCR showed a decrease in Sycp1 and Sycp3 expression (P < 0.05) after treatment with U50488 for 1 h, but there were no differences in mRNA levels of haploid cell marker Acr (Fig 6D) . With long-term exposure, however, U50488 led to a decrease in Sycp1 (P < 0.01) and Acr (P < 0.05) expression, confirming the flow cytometry results (Fig 6E) whereas the expression of Itga6 remained unchanged.
In summary, opioid receptors acted as modulators of spermatogenesis since MOR, DOR and KOR knockout mice are not completely infertile [31] . For short-term exposure, the decrease of haploid cells observed after 1 h suggests that MOR selective agonist inhibited the spermatogenic processes and the decrease of Acr expression after agonist treatment also confirmed the inhibitory effect of this receptor on spermatogenesis. However, we observed the opposite effect for long-term exposure. Not only MOR but also DOR selective agonists promoted spermatid marker Acr expression and the haploid cell differentiation, suggesting an activating role of both receptors on spermatogenesis. Similarly to other receptors [7, 17] , the activation of compensatory mechanisms can explain the opposite effect of MOR and DOR with long exposure times. However, further analyses will be needed in this regard. KOR was also involved in cell proliferation but, in this case, the selective agonist, U50488, produced only a decrease in the haploid cell population and in Acr expression with long-term exposure. This suggests that KOR had an inhibitory effect on spermatogenesis as it has been described for this receptor in other processes [30] .
Our results also suggest that the three opioid receptors can be involved in meiosis of mice spermatogenesis by modifying the gene expression of the synaptonemal complex proteins SYCP1 and SYCP3. During the first meiotic division, alignment, synapsis and meiotic recombination are the most crucial events ensuring proper chromosome segregation. Synapsis is mediated by the synaptonemal complex, a meiosis-specific structure that assembles between aligned homologous chromosomes, where SYCP1 and SYCP3 proteins act as a structural framework for recruitment of further protein components [23] . MOR and DOR activation may produce defects in synapsis with short-term exposure by down-regulation of Sycp3 expression, and Sycp1 and Sycp3 expression, respectively. SYCP1 and SYCP3 knockout mice are infertile [32] . On the one hand, SYCP1 knockout mice are unable to assemble synaptonemal complex and the homologous chromosomes fail to synapse [33] and, on the other hand, SYCP3 is essential for the synaptonemal complex assembly and for accurate meiotic chromosome compaction [34, 35] . The activation of KOR also causes down-regulation of Sycp1 with long-term exposure, suggesting that KOR may also inhibit synapsis.
We also observed that long-term exposure to selective MOR and DOR agonists caused an increase in Sycp1 and Sycp3 gene expression (Figs 4D and 5D) . The up-regulation of both, Sycp1 and Sycp3, is also related to defects in homologous recombination and appears to be associated with the induction of mitotic catastrophe and the generation of endopolyploid tumour cells [36, 37] . Thus, our results suggest that the three opioid receptors were negatively involved in meiosis of mice spermatogenesis by modifying Sycp1 and Sycp3 expression, since defective synapses and meiotic recombination have severe consequences for meiosis progression that can lead to infertility or aneuploidy in mammals [23] .
Conclusions
The present study demonstrated for the first time that male germ cells expressed active MOR, DOR and KOR in mouse. The main conclusions are following:
1. Active mu-opioid, delta-opioid and kappa-opioid receptors were present in male germ cells in mouse testes.
2. The opioid receptors mu-opioid, delta-opioid and kappa-opioid are involved in the regulation of mouse spermatogenesis.
3. The three opioid receptors seemed to be involved in the regulation of male meiosis in mouse modifying the gene expression of synaptonemal complex proteins
Our results contribute to resolving several longstanding issues concerning the role of opioid receptors in spermatogenesis. These include how chronic morphine administration may reduce fertility in rats [38] , how methadone administration for 3 days can produce spermatocyte chromosomal aberrations in mouse [39] and how transgenic mouse that overexpress pro-enkephalin (an endogenous opioid peptide protein precursor) in the testes have impaired fertility, morphologically abnormal testicles and low sperm motility [40] . These findings open up novel avenues of research of the opioid system as a biochemical tool for the diagnosis and treatment of male infertility. (JPG)
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